Histone post-translational modifications (PTM) alter the chromatin architecture, generating 'open' and 'closed' states, and these structural changes can modulate gene expression under specific cellular conditions. While methylation and acetylation are the best-characterized histone PTMs, citrullination by the protein arginine deiminases (PADs) represents another important player in this process. In addition to "fine tuning" chromatin structure at specific loci, histone citrullination can also promote rapid global chromatin decondensation during the formation of extracellular traps (ETs) in immune cells. Recent studies now show that PAD4-mediated citrullination of histone H1 at promoter elements can also promote localized chromatin decondensation in stem cells, thus regulating the pluripotent state. These observations suggest that PAD-mediated histone deimination profoundly affects chromatin structure, possibly above and beyond that of other PTMs. Additionally, these recent findings further enhance our understanding of PAD biology and the important contributions that these enzymes play in development, health, and disease.
Introduction
Protein citrullination is catalyzed by the protein arginine deiminase (PAD) family of enzymes (Fig. 1A ) [1] . There are five human PADs (PADs 1,2,3,4, and 6), and PADs 1-4 are known to hydrolyze the side chain guanidinium of an arginine residue to form citrulline (PAD6 does not appear to be active) [2] . This PTM leads to a loss of positive charge and alters the hydrogen-bonding pattern afforded by an arginine residue, which can alter proteinprotein and protein-nucleic acid interactions [3, 4] . Despite significant homology amongst the five family members, they are functionally non-redundant, which likely relates in part to their restricted tissue distribution [5] . The PADs were first recognized to play a role in human disease when antibodies that specifically target citrullinated proteins were discovered in rheumatoid arthritis (RA) patients [6] . These anti-citrullinated protein antibodies (ACPA) remain the most specific diagnostic for RA and can be detected on average four to five years before clinical symptoms appear. These data suggest that dysregulated PAD activity is involved is disease initiation [6] . Outside of RA, dysregulated PAD activity or expression appears to be a hallmark of inflammatory diseases such as systemic lupus erythematosus, ulcerative colitis, atherosclerosis, and potentially cancer [7] [8] [9] [10] [11] . Given these associations, PADs represent therapeutic targets for a range of disease states [12, 13] . Consistent with this statement is the fact that the PAD inhibitor Cl-amidine, as well as derivatives, have shown efficacy in preclinical models of RA, systemic lupus erythematosus, ulcerative colitis, atherosclerosis, and breast cancer [7, [9] [10] [11] .
Citrullination and the role of PADs in immune system regulation and gene transcription
One well-established mechanism by which the PADs promote disease progression is by altering the antigenicity of target proteins such as fibrinogen and vimentin [14] [15] [16] [17] . Antibodies to these citrullinated proteins then promote the formation of immune complexes, leading to an enhanced immune response and autoimmune disease [18, 19] . Another mechanism by which PADs likely promote disease progression is by altering the structure of target proteins, which, in turn, leads to changes in the organization and function of associated macromolecules. For example, recent studies have shown that PAD-mediated deimination of histones not only affects their tertiary structure but can also alter the global and local architecture of chromatin [4, 20, 21] . While direct links between PAD-mediated histone deimination and disease progression have yet to be definitively established, recent reports suggest that it is only a matter of time before these connection are made. For example, PAD2 and PAD4 have been shown to alter chromatin structure both globally during the formation of neutrophil extracellular traps (NETs), and locally at specific loci to regulate gene expression, and the associations between these two functions and disease progression are strong [9, [22] [23] [24] . Neutrophils, the major white blood cell, are among the first responders to an infection and play a key role in innate immunity. In response to a stimulus (e.g. lipopolysaccharide or LPS), a subset of neutrophils will undergo NET formation via the genome-wide citrullination of histones H1 and H3 [20, 25] . Modification of these proteins in cells undergoing NETosis leads to chromatin decondensation on a global scale, which initiates the unraveling of the chromatin and the consequent expulsion of DNA from the cell to form netlike structures that can 'trap' invading bacteria (Fig. 1) . While NETosis is a defense mechanism against invading organisms, this response acts as a double-edged sword because it is thought to be a pro-inflammatory form of cell death. In chronic autoimmune diseases, this process is also aberrantly upregulated and likely plays an important role in the etiology of RA, systemic lupus erythematosus, ulcerative colitis, atherosclerosis, and even cancer [26] [27] [28] [29] [30] . In cancer and atherosclerosis, recent data indicate that aberrant NET formation promotes vascular inflammation, leading to thrombosis [9, 30] . Recently, PAD2 was found to play a similar role in macrophages where its activity induces the formation of macrophage extracellular traps (METs), which leads inflammatory signaling in adipose tissue [31] .
PAD-mediated histone deimination has also been demonstrated to "fine tune" chromatin structure to regulate gene transcription. Following up on findings from the Yamada group, which showed that histones are citrullinated by PAD4 [32] , Coonrod and Allis, as well as the Kouzarides group, provided the first reports that histone citrullination could impact gene transcription [33, 34] . Specifically, they showed that citrullination of histones H3 and H4 was associated with decreased expression of genes under the control of the estrogen and thyroid receptors [33, 34] . Subsequently, Wang and colleagues reported that treatment of U2OS cells, an osteosarcoma cell line, with the pan-PAD inhibitor Cl-amidine leads to decreased PAD4 activity that was associated with the increased expression of p53 as well as several p53-dependent genes, including p21, PUMA, and OKL38. Ultimately, this treatment also results in the subsequent induction of apoptosis [35, 36] . Curiously, the forced overexpression of PAD4 in human Jurkat T cells also upregulates p53 activity, leading to cell cycle arrest and ultimately apoptosis [37] . The reason for this discrepancy may be due to cell line differences or forced overexpression of the enzyme. In addition to PAD4-mediated histone citrullination, PAD2 citrullinates histone H3 at Arg26 and this PTM induces the transcription of more than 200 genes under the control of the estrogen receptor [38] . In another study, citrullination of histone H3 induces the expulsion of heterochromatin protein 1α (HP1α), thereby creating an open chromatin state that modulates the expression of TNFα and IL8 [21] . In total, these studies demonstrate the important roles that histone citrullination plays in gene regulation in models of human disease.
PAD4 expression in stem cells drives the upregulation of pluripotency specific transcription factors
Adding to these roles, Christophorou et al. now report that the citrullination of histone H1 contributes to the epigenetic control of gene transcription and plays a key role in the maintenance of pluripotency [4] . This finding counters the prevailing view that modifications to histones H2A, H2B, H3 and H4, which make up the core nucleosomal particle, are primarily responsible for regulating gene transcription -modification of these proteins, via citrullination or lysine acetylation, is generally thought to weaken interactions between nucleosomal particles and DNA via charge neutralization. Although it is not known how histone H1 citrullination controls gene expression and contributes to the pluripotent state, this report provides important new insight into how PADs regulate chromatin architecture at a global level.
Pluripotent stem cells can differentiate along multiple cell lineages and adopt the characteristics of any cell in the body [39] . Such cells can either be derived from embryos (embryonic stem cells or ES cells) or, alternatively, these cells can be induced to form induced Pluripotent Stem cells (iPS). This technology introduces pluripotency factors, such as Oct4 (Pou5f1), Sox2, cMyc, and Klf4 [40] , into differentiated cells thereby reprogramming the cells back to a pluripotent state. As a part of this process, the chromatin architecture is altered to facilitate the proper expression of specific genes, often transcription factors, which are required to maintain pluripotency. Given the known roles of the PADs in chromatin remodeling, Kouzarides and colleagues recently tested the hypothesis that PAD4-mediated histone citrullination may regulate pluripotency by modifying chromatin structure.
Initially, the authors examined the mRNA levels of PADs 1-4 in ES and iPS cells and showed that PAD4 mRNA levels are elevated in both mouse ES cells (ES Oct4-GIP) and reprogrammed NSO4G iPS cells, whereas they are decreased in NSO4G cells, a committed neural stem cell line. PAD4 expression also strongly correlated with the expression of genes that promote Nanog, Klf2, Tcl1, Tcfap2c, and Kit. By contrast, the levels of the PADs1-3 transcripts were variable between the different cell lines, leading the authors to focus on the role of PAD4 in stem cell biology. To examine whether the increased Nanog expression observed in PAD4 overexpressing cells was related to the histone deiminating activity of this enzyme, the authors evaluated the levels of citrullinated H3 and showed that increased levels of this PTM are correlative with higher levels of the pluripotency genes Klf2, Tcl1, Tcfap2C, and Kit. In total, these data suggest that histone H3 citrullination promotes a more open chromatin state that is permissive to the transcription of pluripotency genes. Importantly, PAD4 activity appears to be dependent on Nanog levels because, in its absence, histone H3 citrullination is also reduced. To further demonstrate that PAD4 activity is required to generate pluripotent stem cells, the authors treated mouse ES cells with the pan-PAD inhibitor Cl-amidine [41] and showed that decreased histone H3 citrullination was correlated with the decreased expression of Nanog, Tcl1, and Klf5. Further verifying the importance of PAD4 in maintaining pluripotency, Cl-amidine treatment also increased the expression of several differentiation genes, including Epha1, Prickle1, and Wnt8a. Given that Cl-amidine inhibits all of the PADs, the authors also used TDFA, a derivative that shows improved selectivity toward PAD4 [42] , to show that inhibition of PAD4 activity reduces the number of pluripotent cells during early embryogenesis.
Citrullination of histone H1 drives chromatin decondensation
Having connected PAD4-mediated citrullination to pluripotency, Christophorou et al. then set out to identify PAD4 targets, which, upon citrullination, may regulate the pluripotent state. Using stable isotope labelling of amino acids in cell culture (SILAC), a number of nuclear proteins were found to be citrullinated in mouse ES cells, including Atrx, Dnmt3b, Trim28, and histone H1. Importantly, all of these proteins have been previously identified as playing a role in controlling pluripotency [43] [44] [45] [46] .
Given the well-established role of histone H1 in regulating chromatin structure, Christophorou et al. then focused on H1 for the rest of the study. Subsequent MS studies revealed that the histone H1 variants, H1.2, H1.3, H1.4, and H1.5 were citrullinated and that histone H1.2 was citrullinated at Arg54 (H1R54Cit), a residue that is conserved amongst the histone H1 variants and is present within the central DNA binding domain. Importantly, they also demonstrated that, upon mutation of this residue to alanine, histone H1 is released from chromatin, leading to the adoption of a more open state, which is consistent with other recent findings [22] . Additionally, the researchers found that inhibition of PAD4 expression or activity also decreases histone citrullination and generates a more compact chromatin state, which correlates with the down-regulation of pluripotency genes and the up-regulation of differentiation genes. By contrast, they found that treatment of permeabilized C2C12 cells with wild type PAD4 leads to nuclear swelling and chromatin decondensation, as demonstrated by an increased susceptibility to micrococcal nuclease digestion. In total, these studies show that PAD4 maintains stem cell pluripotency by promoting an open chromatin architecture via citrullination of histone H1.
Conclusions and outlook
These studies further our understanding of the role that PADs play in normal human physiology and demonstrate that, like other histone modifications (e.g. methylation and acetylation), protein citrullination plays a key role in regulating many chromatin templated activities, including gene regulation and chromatin decondensation. Whether this PTM plays a role in other aspects of chromatin biology (e.g. DNA replication and repair) remains an open question. Additionally, unlike methylation and acetylation, which are reversible histone modifications, enzymes that convert citrullinated residues back into arginine have not yet been identified. Given the clear role of histone citrullination in gene activation, it seems unlikely that the citrullination mark is irreversible in the context of chromatin, and several strategies can be envisioned to maintain the proper balance between arginine and citrulline. For example, it is possible that citrullinated histones are ejected from the nucleosome and replaced by non-citrullinated histone variants. Alternatively, it is also possible that unidentified 'decitrullinase' enzymes exist to convert citrulline back to arginine. There is chemical logic to the latter possibility because in the Urea Cycle, the free amino acids are readily interconverted. If decitrullinases exist, they would add another layer of complexity to chromatin biology.
A key remaining question is whether other PADs help regulate pluripotency and/or function at different stages of development. This question arises because Christophorou et al. showed that PADs 1, 2, and 3 were also expressed in pluripotent stem cells. However, high expression of these three enzymes was not observed in both ES and iPS cells, suggesting that the different PADs function at different stages of development. This hypothesis could be tested by knocking down each of the PAD isozymes by RNAi during ES cell differentiation to test how isozyme specific-depletion affects the balance between pluripotency and the differentiated state. These experiments will be especially important for PAD2, as this enzyme also enters the nucleus and citrullinates histones. Since PADs 1-4 are overexpressed in several forms of cancer, it is also possible that this enzyme family may facilitate the increased transcription of growth and migration promoting genes.
In summary, Kouzarides and colleagues uncover a fascinating new aspect of PAD biology that has profound implications for understanding how histone modifications modulate chromatin structure, and how these changes affect gene transcription, pluripotency, and perhaps other chromatin templated processes. The role of PAD4 in embryogenesis also has important implications for the development of PAD-targeted therapeutics because PAD inhibitors may affect cell fate decisions during embryogenesis. Whether this is the case is unknown, but will need to be accounted for as PAD inhibitors move into the clinic. Citrullination by PADs drives gene transcription and NET formation. A: Protein arginine deiminases (PADs) convert arginine to citrulline within proteins through a hydrolytic mechanism. B: PADs citrullinate core and linker histones, leading to changes to the chromatin architecture and altered gene transcription. C: Citrullination of histones in neutrophils by PAD4 leads to massive chromatin decondensation and the expulsion of DNA in response to bacterial challenge. This phenomenon produces neutrophil extracellular traps (NETs) through a process termed NETosis. PAD4 regulates gene expression during pluripotency and differentiation. Expression of PAD4 is increased in embryonic stem cells (ES) and induced pluripotent stem cells (iPS), but is virtually undetectable in differentiated mouse neural stem-cells. PAD4 expression correlates with increased expression of pluripotency specific proteins and a loss of cellular differentiation proteins. These changes are thought to arise by the PAD4 catalyzed citrullination of histone H1 at Arg54 (H1Arg54 → H1Cit54), which promotes localized chromatin decondensation, likely through the loss of histone H1 binding to DNA.
